Objective: To evaluate the efficiency of diffusionweighted magnetic resonance imaging (MRI) and highresolution computed tomographic (CT) scan coregistration in predicting and adequately locating primary or recurrent cholesteatoma in children.
R
ECURRENT, RESIDUAL, AND congenital cholesteatomas may prove to be a surveillance and diagnostic challenge. Surgery remains the only possible means of obtaining a clearcut diagnosis. For this reason, over the past years, several radiology and ear, nose, and throat (ENT) teams have adapted new imaging techniques to visualize cholesteatomas within the middle ear cavities. Computed tomography (CT) is still considered the gold standard of middle ear imaging, even for cholesteatomas, because of its excellent spatial resolution and delineation of strategic anatomical landmarks. [1] [2] [3] [4] However, as mentioned in prior studies, one of the main disadvantages of CT is the low specificity with regard to differentiating cholesteatoma from other soft tissue whenever the middle ear appears partially or completely opacified. 5 In previously operated ears, such situations may arise in 20% to 30% of cases. 1, [6] [7] [8] [9] [10] Rapid and recent developments of MRI, as well as its more widespread use over the past 10 years, have made it an attractive and promising tool for cholesteatoma diagnosis. Initial studies by Williams et al 1 and Ayache et al 7 advocated the use of MRI with delayed-contrast T1-weighted sequences, for their high specificity, even in case of small lesions (down to 2 mm). More recently, diffusionweighted techniques have shown promising results in differentiating cholesteatoma from granulation tissue. 3, 4, 8, [10] [11] [12] [13] [14] [15] [16] This technique has the advantage of being rapid and convenient. It does not necessitate the injection of contrast material. According to Venail et al, 16 it has nonetheless a high specificity for cholesteatomas as small as 5 mm and shows excellent interobserver agreement.
We found that diffusion-weighted MRI could depict cholesteatomas as small as 3 mm. 17 Moreover, the technique, owing to its short imaging time, seemed well adapted for pediatric cases. Taking these advantages into consideration, and with the idea of trying to increase diffusion-weighted MRI imaging specificity and anatomical location for cholesteatomas, we decided to prospectively evaluate the fusion of CT scans and diffusionweighted MRI images, in children with strongly suspected residual or congenital cholesteatomas. To our knowledge, this is the first report of fusing CT scans and diffusion-weighted MRI images in this particular setting.
METHOD

PATIENTS
Ten patients, 2 girls and 8 boys, aged 2 to 17 years (mean age, 8.5 years), were prospectively included in our prospective study between 2007 and 2008. Eight had a medical history of cholesteatoma, with 1 or more attempts at surgical removal, and were referred to the tertiary care pediatric ENT center. In the majority of cases, initial surgery consisted in a canal wall up procedure. Only 1 patient had already necessitated a canal wall down technique because of extensive cholesteatoma. All patients had unilateral cholesteatoma. Hence, a total of 10 ears were analyzed.
Inclusion criteria were as follows: age 18 years or younger, history of middle ear surgery for cholesteatoma or strong suspicion of congenital cholesteatoma, follow-up in the same outpatient clinic, second-look surgery programmed in cases of suspected recurrence, and CT and MRI performed prior to revision surgery.
Recorded data included the following: patient age and sex, relevant otologic history, previous surgical procedures for cholesteatoma, dates of last interventions, dates and results of CT scan and MRI, imaging technique, and results of last ear surgery.
IMAGING PROTOCOLS
High-Resolution CT
High-resolution CT was performed on a 128-row multislice scanner (Somatom AS 128; Siemens, Erlangen, Germany) using an axial volume scan (0.4/0.1-mm slices) with coronal and axial reformations (0.4/0.3 mm; parallel and perpendicular to the lateral semicircular canal), for each ear, and a field of view (FOV) of 100ϫ100 mm. Acquisition time was 17.4 seconds, with delivered radiation doses of 147 mGy per patient (parameters: 450 mA, 140 kV).
Magnetic Resonance Imaging
In all 10 cases, MRI was undertaken on an Avanto 1.5T (Siemens) unit using a 16-channel head coil. The following protocol was used: 3-mm coronal fast spin-echo T2-weighted slices ( 15) . No apparent diffusion coefficient map was established, as only B1000 images were taken into consideration, with the imaging protocol that had been chosen for the study. The goal was to picture only lesions that appear the most hyperintense on B1000 sequences, which offer more relative restriction.
There was no interslice gap on diffusion-weighted imaging sequences. No anesthesia nor intravenous contrast media injection was used. All MRI examinations were performed without motion artifacts and were well tolerated throughout the entire take-up time.
Coregistration of CT scans and diffusion-weighted MRIs was performed on a Syngo workstation (Siemens) using the Siemens Image Fusion software. The multimodality commercial imaging software is routinely used in positron emission tomography imaging and radiotherapy. Images from CT and MRI are automatically fused in a hybrid data set, even if slice thickness and FOV are not similar. Degree of opacity and color matches of these overlayed new images may then be set manually.
IMAGING INTERPRETATION
All imaging, whether CT or MRI, was prospectively interpreted by the same radiologist (D.B.), specifically trained in head and neck, and particularly otologic, radiology. On CT, cholesteatoma was diagnosed by identifying a rounded tissue mass in the middle ear cavities, or a mass associated with bone erosion (including the tegmen), ossicular chain amputation, prosthesis displacement, or labyrinthine or facial nerve sheath destruction that could not be attributed to past surgery. Images were considered negative for cholesteatoma when middle ear cavities were either air filled or showed minimal thickening. Interpretation was indicated as being indeterminate, whenever diffuse opacity appeared within the middle ear cavities.
On MRI sequences, the diagnosis of cholesteatoma was based on identifying a hyperintense image on the B1000 images of diffusion-weighted HASTE sequences.
The radiologist classified MRI results as being either positive or negative for cholesteatoma. Tumor dimension at maximum diameter on axial and coronal planes was also recorded on MRI and, when possible, CT.
Fusion of CT scans and diffusion-weighted MRIs allowed precise interpretation of initial MRI results with regard to adequate anatomical location. The fusion image results were then compared with surgical findings.
RESULTS
The median interval between the last 2 surgical procedures (excluding the 2 cases of initial surgery for congenital cholesteatoma) was 11 months (range, 6-38 months). Computed tomographic scanning and MRI were performed within a median of 5 and 3 weeks, respectively, prior to surgery, ranging from 1 to 15 weeks.
Of the 10 cases included, 9 turned out positive for a cholesteatoma, with 7 residual and 2 congenital lesions. The mean cholesteatoma size was 1 cm, ranging from 3 to 26 mm.
The CT scan was interpreted as positive in 4 cases, 3 of which were also found to be positive during surgery. Six CT scans were considered indeterminate because of complete opacification of the middle ear cavities, without evidence of bony erosion other than modifications imputable to previous operations. None of the CT scans could eliminate the presence of a cholesteatoma.
Preoperative MRI suggested residual cholesteatoma in 7 cases and congenital cholesteatoma in 2. All of these were confirmed as positive during surgery. There were no false-positive cases, and the smallest cholesteatoma diagnosed on MRI measured 3 mm in its greatest diameter. This was also corroborated by surgical findings. The negative MRI case was confirmed as such during surgery. Thus, the sensitivity and specificity of the nonechoplanar imaging (EPI) diffusion-weighted MRI technique used in this protocol were both 100%.
The results of CT scan and MRI fusion led to a clear diagnosis of a highlighted lesion, precisely located within the middle ear cavities, whenever a cholesteatoma was present ( Table 1) . No anatomical distortions were observed on CT scan and MRI coregistration.
It was possible to determine the exact anatomical site of the lesion, particularly in cases of small cholesteatoma ( Figure 1 and Figure 2 ). In patient 3 (Figure 1) , the cholesteatoma was confirmed by the fusion images as situated in the hypotympanum, without direct contact with the promontory. In patient 7 (Figure 2) , a 3-mm cholesteatoma was precisely described as located on the promontory, in place of the stapes. In these 2 cases, the surgical approach was therefore limited to a minimal endaural approach, and local findings corroborated precisely with the fusion descriptions. The limited technique proved sufficient for second-look surgery in these cases. In another case (patient 9; Figure 3 ), the surgical approach was, on the contrary, expanded because of apparent massive extension into the mastoid, which proved to be a fruitful adaptation. Perioperative findings confirmed the exact anatomical descriptions of cholesteatomas as reported on fusion images in all cases. 
COMMENT
Although great progress has recently been accomplished with MRI techniques, no single imaging technique stands out as perfectly able to confirm or rule out the presence of a cholesteatoma, especially in the case of a residual lesion. High-resolution CT scanning still remains the gold standard for postoperative middle ear assessment. 10 It has the advantage of precisely delineating anatomical structures and landmarks and offers the possibility of multiplanar reconstruction. In certain situations, when it reveals a single, rounded middle ear opacity, with adjacent bony erosion, a diagnosis of cholesteatoma may readily be suggested. However, differentiating cholesteatoma from other surrounding soft tissue, such as inflammation, scar tissue or middle ear effusion, is impossible. Even contrast-enhanced CT studies may not be beneficial. 7 In the present study, most CT scans were considered indeterminate regarding cholesteatoma diagnosis because of the impossibility of distinguishing it from other types of mucosal lesions. We did not determine the sensitivity and specificity of CT scan results as this was not the goal of the study. Rather, the CT scan served as an anatomical canvas on which to superimpose MRI findings in order to refine the diagnosis.
As opposed to CT scanning, MRI offers a rather poor spatial resolution. However, the great advantage of this imaging technique is its ability to discriminate soft tissue. 5 Initial attempts to use MRI to diagnose cholesteatomas were based on the use of delayed contrastenhanced T1-weighted sequences (SET1), as described and largely advocated by Williams and Ayache and colleagues. 1, 7 This imaging technique differentiates cholesteatoma from surrounding fibrosis or inflammation because cholesteatomas never take up contrast even on late sequences. Although it may reveal cholesteatomas as small as 2.5 mm, 18 the technique is limited by the long duration of the protocol and the need to inject contrast material. For these last reasons, we decided not to use SET1 sequences, since they did not seem suitable for children. Although gadolinium injection is routinely used in pediatric cases, we believe that the imaging protocol would be best tolerated and the overall examination duration shorter if all venous punctures, which we consider as being invasive, could be avoided. Increasing the child's tolerance to the procedure to avoid any kind of unnecessary sedation seemed mandatory to us.
Recently, diffusion-weighted MRI has aroused great interest in the radiology and ENT community because of its increased specificity, rapid imaging time, and high interobserver agreement rate. 16 The technique is based on an imaging mode of free water molecules. A marked hyperintense signal corresponds to a lesion in which molecules are binded, or trapped, such as in a very cohesive cholesteatoma lesion. Controversy remains as to the explanation for this bright signal. 3, 4, 19 It has been postulated that the high signal shown by cholesteatomas is due to a T2 shine-through effect. 10, 12 Because it was initially routinely used for cerebral imaging, diffusion-weighted EPI has been most frequently reported on in the evaluation of residual cholesteatomas. 4, 6, 12, 16, 20 The hyperintense signal for a cholesteatoma is most marked and characteristic with a B1000 diffusion coefficient. 8, 21 However, susceptibility artifacts and major distortions around the skull base and air-bone interfaces are now well-known limitations of the technique. 8, 10, 13 Most studies using this technique conclude that the smallest cholesteatoma lesion that may be revealed measures no less than 5 mm 4, 6, 12, 16, 20 ( Table 2) . Dubrulle et al 8 demonstrated in a recent study that non-EPI diffusion-weighted imaging presented far fewer susceptibility artifacts and distortions, thus increasing the spatial resolution of MRIs. However, these results were only compared with contrast-enhanced delayed T1 sequences and not with an EPI technique. Dhepnorrarat et al 13 and De Foer et al 11 compared EPI and non-EPI results with regard to susceptibility artifacts and showed far less cranial base distortion with non-EPI sequences. Such SSTSE (single-shot turbo spin-echo) or HASTE sequences thus enable better localization and differentiation of cholesteatomas from other surrounding soft tissues. In the present study, HASTE diffusion-weighted MRI revealed a cholesteatoma in all true-positive cases. Moreover, no false-positive nor false-negative cases were found. The absence of false-negative cases may have been explained by the fact that none of the cases displayed recurrent cholesteatoma in the form of thin matrix layers. Only small pearls were found. Coregistration of CT scans and diffusion-weighted MRIs also confirmed that there was no cranial base distortion with the non-EPI technique, as images coincided perfectly.
In our initial study (presented at the 2008 American Society of Pediatric Otolaryngology Annual Meeting 17 ), we encountered difficulties in visualizing cholesteatomas of 2 or 3 mm in several patients, although this was not attributable to motion artifacts. This could have been owing to the short intersurgery interval and the delay between MRI and the second-look procedure. As opposed to most studies, which mainly included adult patients, our pediatric series imposed a more rigorous follow-up and often rapid second-look surgery because cholesteatomas seem to be more aggressive in children. To increase the congruence between MRI and surgical findings, we were able to limit the delay of preoperative MRIs in most cases to less than 1 month. This may also have contributed to the high negative and positive predictive values found in our diffusion-weighted MRI series, even though only 10 patients have as yet been included. This remains a major flaw in our preliminary report. We realize that although our results seem encouraging, the study lacks statistical power to draw clear-cut conclusions. However, we claim that it demonstrates the feasibility and promising aspect of a novel technique.
We therefore believe it is worth underlining the advantages of fusing high-resolution CT scans and non-EPI diffusion-weighted MRIs for precise localization of cholesteatoma lesions. When superimposing the 2 imaging results, anatomical delineation appears totally congruent and the hyperintense cholesteatoma is clearly situated within the middle ear and mastoid cavities (Figures 1-3) . The poor spatial resolution of the MRIs is replaced by the anatomical precision of the CT scan, and the enhancing cholesteatoma becomes strikingly evident even to a nonradiologist. The combination of imaging techniques thus provides a useful tool for the surgeon who can visualize precisely the location of the cholesteatoma and possibly choose a limited approach. This may reduce local complications and lessen operative time. In 3 of our cases, the surgical approach was modified and guided according to image fusion results. After scrupulous surgical evaluation, this adaptation was judged adequate and devoid of any risk of leaving cholesteatoma behind.
Further study of our findings with additional patients is essential to confirm the specificity of highresolution CT scan and non-EPI diffusion-weighted MRI fusion and the validity of consequently modified surgical approaches for second-look surgery, if not surgical adjournment of, or abstention from, surgery
In conclusion, recent developments in imaging techniques have made diffusion-weighted MRI, particularly 
